INTRODUCTION
============

The first and only risk assessment of titanium dioxide (TiO~2~) as a food additive was carried out by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) in 1969, who concluded: "Titanium dioxide is a very insoluble compound. The studies in several species, including man, show neither significant absorption nor tissue storage following ingestion of TiO~2~. Establishment of an acceptable daily intake for man is considered unnecessary" (JECFA [@b35]). Any subsequent reevaluations have largely cited the initial assessment and added no new or particularly important data to the discussion. The aim of this article is a critical review of the conclusion of the original expert group. This article collects results from independent scientists and research laboratories from the last 45 years to provide fresh data toward potential risk reassessment. Furthermore, this article brings forward the conclusions of governmental expert groups such as the National Cancer Institute and European Commission on the potential toxicology of TiO~2~ to compare against the more recent conclusions of independent scientists.

Given the rapid pace of industry production and deposition of nano-/micro-TiO~2~ and the outdated environmental and human health regulations regarding TiO~2~ discharge and consumption, now is the time to carry out proper tests on its toxicity and mode of action~.~ Such results will provide governments with solid, reliable data to be used in risk assessment. The efficacy of the current United States and European Union government policies on restriction and use of TiO~2~ is dubious. TiO~2~ is found in food both in its bulk form and as a nanomaterial; in fact, at least 36% of the TiO~2~ present in food is in nanoform (Weir et al. [@b75]). Recently, Justo-Hanani and Dayan ([@b38]) performed a review of governmental regulatory policies for nanomaterial risk based on the claim that the states of the world (including the United States) have only "limited power" in transnational nanotechnology risk regulation, whereas the global private nanotechnology sector has the real power. Examples include private standards on nanoterminology, toxicity guidelines, and voluntary risk management partnerships (ED-DuPont [@b13]; ISO [@b30]). Although the final conclusion of Justo-Hanani and Dayan ([@b38]) was that governments have much more regulatory power over nanotechnology rule-making and are not as easy influenced by the private sector as previously thought they are still undergoing large nanotechnology adaptations.

Occurrence and industrial characteristics of TiO~2~
---------------------------------------------------

TiO~2~ can naturally occur in 4 different mineral forms: anatase, brookite, rutile, and TiO~2~ (B). Brookite has no commercial value and is not being industrially produced, and TiO~2~ (B) has an extremely small market and is usually only used in the production of Ti nanowires (Armstrong et al. [@b2]). Therefore, rutile and anatase are the only important crystal structures of TiO~2~ used in commercial products (DuPont [@b12]). The refractive index is 2.56 and 2.49 for anatase and 2.60 to 2.61 and 2.89 to 2.90 for rutile (Phillips and Griffen [@b55]). Anatase is a much more active UV catalyst then rutile.

The main sources of industrial extraction of TiO~2~ are mineral and ore deposits. Rutile and anatase mineral deposits may contain up to 95% of TiO~2~. However, these minerals are difficult to extract from primary rocks and never leach out. They can be extracted only from sands in which they are associated with other minerals, and such deposits are rare. Significant rutile deposits of such quality have been found in Australia and South Africa, whereas anatase is common in Brazil. The majority of the TiO~2~ pigment used in consumer products is being extracted from ilmenite ore (FeTiO~3~) and leucoxene ore (TiO~2~ × xFeO × yH~2~O), either by sulfate or chloride processing. Under natural conditions, TiO~2~ is the least soluble common constituent on the planet, and geochemical balances are constructed assuming TiO~2~ is immobile (E Force, University of Arizona, Phoenix, AZ, personal communication). Thus, under natural conditions, TiO~2~ is predominantly found in "bound state" and is not readily available to interact with the biota.

In industry terminology, the size of TiO~2~ particles refers to the primary particle, essentially single crystals bound by crystal planes. Most commercial products contain TiO~2~ particles with a size range of 200 to 300 nm, and commercial pigments rarely use sizes less than 100 nm. To achieve the most efficient light scattering effect, the TiO~2~ pigment diameter should be somewhat less than 50% of the wavelength of light to be scattered. The human eye is most sensitive to a wavelength of 0.55 µm; therefore, the ideal particle size of TiO~2~ is 200 nm (DuPont [@b12]). Coatings are frequently used to improve dispersion, durability, and gloss of the TiO~2~ pigment. TiO~2~ used as a food additive most often does not contain any artificial coatings, but in all other consumer products, it contains 1% to 15% of artificial coatings by weight, most commonly oxyhydrates and oxides of silicone and Al (IARC [@b28]).

Global production estimate of TiO~2~ for the period 1916--2012
--------------------------------------------------------------

Nearly 6 million metric tons of TiO~2~ were consumed worldwide in 2012 as a pigment (USGS [@b70]). It is unknown what percentage of this quantity can be attributed to nano-TiO~2,~ but Robichaud et al. ([@b60]) estimated that by 2012, close to 5% of all production could be attributed to nanoform amounts. The same report suggested that by 2023, up to 50% TiO~2~ might be manufactured in nanoform (Robichaud et al. [@b60]); however, this number might be an overestimate because the most desirable particle size is 200 nm (DuPont [@b12]). Production of TiO~2~ was started in 1916 by the Titan Company (Norway) and what is now known as NL Industries (United States). TiO~2~ was first produced in the United States by the Titanium Pigment Company. In 1925, the National Lead Company purchased a large interest in the Titanium Pigment Company, and production reached 4000 US short tons. Later, the National Lead Company became NL Industries, a predecessor of Kronos. By 1971, there were 8 US producers of TiO~2~.

This article estimates that from 1916 to 2011, a total of 165 050 000 metric tons of TiO~2~ were produced worldwide ( [Figure 1](#fig01){ref-type="fig"}). These estimates are based on international and national reports, as well as company sources collected on the internet. The United States was the leading producer until 2010, when it was surpassed by China. The United States produced approximately 35% to 40% of the world\'s TiO~2~ until 1993, when China began an exponential growth spurt. Before 1955, China produced no TiO~2~, but by 2010, they had produced 1 475 000 metric tons per year, accounting for 29% of the world market. In 2011, China produced nearly 2 000 000 metric tons, a 35% share of the global market. [Figure 1](#fig01){ref-type="fig"} represents total production of TiO~2~ (anatase and rutile) in all industrial sectors; it is not known how much TiO~2~ is used as a food additive or ends up in the environment each year.

![Historical production of titanium dioxide pigment by all countries of the world combined.](ieam0011-0010-f1){#fig01}

Policy review of TiO~2~ as a food ingredient and associated risks according to governmental agencies
----------------------------------------------------------------------------------------------------

The Joint FAO/WHO Expert Committee on Food Additives performed the first and only toxicological evaluation of TiO~2~ safety as a food color and additive in 1969 during a 1 week meeting in Rome (JECFA [@b35]), concluding that TiO~2~ did not call for established daily intake levels due to its insolubility, "Titanium dioxide is a very insoluble compound. The studies in several species, including man, show neither significant absorption nor tissue storage following ingestion of TiO~2~. Establishment of an acceptable daily intake for man is considered unnecessary." The assessment considered only 5 published references when making its recommendation for approval of the use of TiO~2~ in human food. All 5 studies reported no significant effects on animals, yet one of these references (Brown and Mastromatteo [@b4]) had nothing to do with TiO~2~. The article only investigated the toxicity of Ba, Bi, Ca, and Pb titanate. The other 4 articles explored TiO~2~ oral exposure, intramuscular injections, or intraperitoneal injections in humans, rats, dogs, rabbits, cats, and guinea pigs. Although studies that clearly showed absorption and accumulation effects as early as 5 min after exposure (Huggins and Froehlich [@b27]) were available at the time, they were never considered by the expert group. The 2 main features on which the expert group based their opinion were lack of absorption and lack of accumulation in body tissue.

In 1979, with TiO~2~ already being an official ingredient of human food, the US government carried out the first large scale study trying to link cancer to oral exposure to TiO~2~. This task was performed by the toxicologists of the National Cancer Institute (National Toxicology Program [@b50]). Groups of 50 rats of each sex and 50 mice of each sex were given 25 000 ppm or 50 000 ppm of TiO~2~ in their diets for 103 weeks and then observed for 1 additional week. No tumors occurred in dosed groups at incidences significantly higher than those for corresponding control groups. Thus, it was concluded that TiO~2~ was not carcinogenic by the oral route for Fischer 344 rats or B6C3F1 mice. However, this study only evaluated the effects of bulk TiO~2~ and did not consider the effects of nano-TiO~2~.

The International Agency for Research on Cancer (IARC) performed the last reassessment of TiO~2~ cancer potential in 2010 (IARC [@b28]). IARC classified TiO~2~ as a human carcinogen group 2B, because there was enough evidence that nano-TiO~2~ may cause lung cancer by exposure through inhalation. That classification states, "The agent (mixture) is possibly carcinogenic to humans. The exposure circumstance entails exposures that are possibly carcinogenic to humans." This category is used for chemicals for which there is limited evidence of carcinogenicity in humans and less than sufficient evidence of carcinogenicity in experimental animals. It may also be used if there is sufficient evidence of carcinogenicity in experimental animals but inconclusive evidence of carcinogenicity in humans. Oral exposure was debated by IARC, but the final report was inconclusive due to nonexisting standardized procedures for nano-TiO~2~ risk assessment, as outlined in the journal, *NanoEthics* (Jacobs et al. [@b31]).

In the United States, use of TiO~2~ as a food coloring agent has been permitted since the year 1966 (Federal Register [@b18]), 3 years before the official assessment by JECFA. The US Food and Drug Administration (USFDA) allows the use of TiO~2~ as a food additive as long as its weight does not exceed 1% of overall food weight (USFDA [@b69]). The federal regulation states: "Certification of this color additive is not necessary for the protection of the public health and therefore batches thereof are exempt from the certification requirements of section 721(c) of the act." Japanese authorities, on the other hand, allow the use of TiO~2~ as a food coloring agent without any limitations whatsoever (JETRO [@b36]). Meanwhile, India restricts the use of TiO~2~ as a food additive to 1% of the food weight in chewing gum and 0.01% in powdered concentrate mixes for the production of beverages (FSS [@b22]). In countries where there is no limit imposed on the quantity of TiO~2~ in chewing gum, the average concentration is approximately 2 mg g^−1^, and over 93% is in nanoform (Chen et al. [@b7]). The European Union allows TiO~2~ in its food products in most cases at quantum satis levels under good manufacturing practices, with the exception of a few food products in which it is not allowed at all (European Parliament [@b16]).

In 2013, the European Commission\'s Scientific Committee on Consumer Safety (EU-SCCS) endorsed and published its opinion on nanoform TiO~2~ (EC [@b15]). Three independent, nonfood scientific committees provided the Commission with advice for policy preparation relating to consumer safety. EU-SCSS provided opinions concerning all types of health and safety risks of nonfood consumer products and services containing nano-TiO~2~. Regarding oral toxicity, they analyzed only 7 reports. Two of these articles were characterized as flawed and rejected, namely Wang et al. ([@b73]) and the previously mentioned findings of the National Cancer Institute (National Toxicology Program [@b50]). Wang et al. ([@b73]) was rejected with the following explanation: "The study has a number of flaws, and is therefore of little value to this assessment. Sufficient characterization of the nanomaterials used was not carried out, the administered dose (5 g/kg/bw) was very high, frequent esophageal ruptures were reported that led to animal deaths, translocation of TiO~2~ from GI tract was measured as Ti with no evidence that it was in nanoparticulate form. It is not clear whether any of the effects observed were due to TiO~2~ toxicity, or simply overloading the gut at high dose of the particulate material." For the National Cancer Institute report ([@b50]), EU-SCSS stated: "No information has been provided on the particle size profile of the material tested in this study. The study is therefore of little value in relation to the current assessment for nanoforms of TiO~2~." Ultimately, 5 reports were analyzed: 3 nonpeer-reviewed, publicly unavailable internal studies of industrial giants that produce TiO~2~ (2 by Evonik Degussa, 1 by DuPont) and 2 peer-reviewed articles (Duan et al. [@b11]; Hu et al. [@b26]). Based on the findings of Duan et al. ([@b11]) and Hu et al. ([@b26]), EU-SCSS concluded that a lowest observed adverse effect level (LOAEL) of 5 mg kg^−1^ body weight day^−1^ may be derived for nano-TiO~2~. An early study suggested that average daily human consumption of TiO~2~ in the United Kingdom was 5.4 mg per person (MAFF [@b49]). Later, a more precise estimate become available with daily estimated human consumption of TiO~2~ food grade (E171) of 0.2 to 2 mg kg^−1^ body weight per day (Weir et al. [@b75]), which is close to this estimated LOAEL value.

METHODS
=======

Methodology of data collection and studies published by independent scientists
------------------------------------------------------------------------------

A recent review of potential toxicity of nanomaterials to humans through oral exposure revealed only 2 valid scientific studies dealing with TiO~2~ (Card et al. [@b5]). The main reason for such a small number was the rather strict focus of a review on nanomaterials. The authors did not consider studies with a particle diameter greater than 100 nm. The current review, on the other hand, did not discriminate between "nano" (\<100 nm) and "micro" (\>100 nm) TiO~2.~ Thus, all available studies that investigated toxicity of TiO~2~ after oral administration were collected, and for all cases particle size was reported. The literature search was performed within 5 databases---Web of Science, Scirus, Scopus, Google Scholar, and the University of British Columbia library database---using the following keywords in various combinations: titanium dioxide, TiO~2~, oral exposure, oral administration, toxicity, administration, distribution, metabolism, and excretion studies (ADME), bioaccumulation, mammals, rats, mice, nanotoxicology, and risk assessment. Abstracts of numerous hits were read, and downloaded articles were evaluated according to 10 characteristics:

-   Papers must be written in English

-   The administered dose must be close to the estimated human daily exposure of 0.2 to 2 mg kg^−1^ body weight per day (Weir et al. [@b75]).

-   The crystal structure of TiO~2~ must be reported (preference was always given to anatase, which is used as food additive in overwhelming majority compared to rutile; only 1 article investigating rutile toxicity was included in the final list).

-   The primary particle size of TiO~2~ must be reported

-   The hydrodynamic diameter of TiO~2~ must be reported

-   The volume (liquid) or weight (bolus, gavage, food) of the carrier of the orally administered dose must be reported

-   The weight of the test animals must be measured and reported

-   Testing groups must consist of 10 or more animals

-   The experimental animals must be mammalian, and the experiments must be performed in vivo

-   The performed study must be chronic (at least 90 days long).

Interestingly, not a single published scientific study satisfied all designated criteria, indicating a deficiency of good laboratory practice in the current literature regarding toxicity of TiO~2~. Studies matching at least two-thirds of the criteria (score 6/10) were analyzed, and the rest of the studies were discarded. One of the most common missing points was the lack of the volume or weight of the carrier (bolus, gavage, etc.) used to deliver TiO~2~ orally, which only appeared in 2 studies. Other common instances of nonreported important information included lack of hydrodynamic diameter or lack of crystal phase info. Very often, the TiO~2~ dose exceeded the potential dose that a human could consume on a daily basis. Furthermore, the duration of the studies was acute in many cases, with some as short as 5 days. Thus, although independent scientific laboratories provided important insight on the potential toxicity of oral consumption of TiO~2,~ good laboratory practice was not strictly followed in the majority of the cases. A total of 16 plausible studies were identified according to the stated criteria (Table [1](#tbl1){ref-type="table"}). Of those, 15 reported toxic effects or bioaccumulation of TiO~2,~ whereas only a single study detected no negative effects. Mice were the model species in 11 studies, rats in 5.

###### 

Literature investigating toxic effects of TiO~2~ after oral administration[a](#tf1-1){ref-type="table-fn"}

  Study                                                 Dose (mg kg^−1^ body weight)   Crystal structure                                                                                                                                        Primary particle diameter (nm)   Hydrodynamic diameter (nm)   Duration of study (d)   Model species used   Main effect observed                                                                                                             Score (max. 10)
  ----------------------------------------------------- ------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------- ---------------------------- ----------------------- -------------------- -------------------------------------------------------------------------------------------------------------------------------- -----------------
  Cho et al. [@b8]                                      260--1041 daily                Anatase/rutile mixture (80:20)                                                                                                                           30                               38                           91                      Rat, 11/group        No toxic effect observed                                                                                                         8
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Cui et al. [@b9]                                      5--50 every 2nd day            Anatase                                                                                                                                                  7                                Not reported                 60                      Mouse, 20/group      Liver damage, hepatocyte apoptosis, ROS accumulation in liver                                                                    6
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Cui et al. [@b10]                                     5--50 daily                    Anatase                                                                                                                                                  5                                Not reported                 60                      Mouse, 20/group      Liver toxicity (induction of hepatitis molecular pathway) and bioaccumulation                                                    6
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Duan et al. [@b11] [b](#tf1-2){ref-type="table-fn"}   62.5--250 every 2nd day        Anatase                                                                                                                                                  5                                Not reported                 30                      Mouse, 20/group      Liver histopathology, immune suppression, body weight reduction                                                                  6
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Gui et al. [@b24]                                     2.5--10 daily                  Anatase                                                                                                                                                  5                                294                          90                      Mouse, 30/group      Nephrotoxicity, inflammatory response, oxidative stress                                                                          9
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Hu et al. [@b26] [b](#tf1-2){ref-type="table-fn"}     5--50 every 2nd day            Anatase                                                                                                                                                  5                                Not reported                 60                      Mouse, 20/group      Impairment of spatial recognition memory, brain pathology                                                                        6
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Jani et al. [@b34]                                    12.5 daily                     Rutile                                                                                                                                                   475                              Not reported                 10                      Rat, 10/group        Accumulation in the intestines and translocation of liver and spleen                                                             6
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Nogueira et al. [@b51]                                100 daily                      Anatase                                                                                                                                                  66 and 260                       Hard to interpret            10                      Mouse, 12/group      Mucosal epithelium hypertrophy and hyperplasia in small intestine                                                                6
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Qian et al. [@b58]                                    160--1000 daily                Anatase/rutile mixture                                                                                                                                   50                               Not reported                 14                      Rat, 16/group        Energy and amino acid metabolism disturbance                                                                                     6
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Sang et al. [@b63]                                    2.5--10 daily                  Anatase                                                                                                                                                  5                                294                          90                      Mouse, 20/group      Spleen histopathology, splenocyte apoptosis, immunosuppression                                                                   9
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Sang, Li, et al. [@b62]                               10 daily                       Anatase                                                                                                                                                  5                                294                          90                      Mouse, 20/group      Spleen bioaccumulation, oxidative stress, splenic inflammation and necrosis, reduction in body weight                            8
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Sang, Fei, et al. [@b61]                              2.5--10 daily                  Anatase                                                                                                                                                  5                                294                          90                      Mouse, 30/group      Spleen and thymus bioaccumulation, spleen histopathology and splenocyte apoptosis, increase in levels of inflammatory proteins   9
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Tassinari et al. [@b67]                               1--2 daily                     Anatase                                                                                                                                                  25                               284                          5                       Rat, 14/group        Spleen and ovaries bioaccumulation, alteration in thyroid function and testosterone levels                                       9
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Wang et al. [@b73] [c](#tf1-3){ref-type="table-fn"}   5000 single administration     Not reported; according to personal statement of 1 coauthor in EPA/600/R-09/057F, 25 and 80 nm particles are of rutile structure and 155 nm of anatase   25, 85, 155                      Not reported                 14                      Mouse, 20/group      Bioaccumulation in liver, spleen, kidney, and lung; histopathology in liver and kidney; myocardial damage.                       6
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Wang et al. [@b72]                                    5--150 daily                   Anatase                                                                                                                                                  7.5                              Not reported                 30                      Mouse, 20/group      Oxidative stress via p38-Nrf-2 signaling pathway, congestion in spleen                                                           6
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Wang et al. [@b74]                                    10--200 daily                  Anatase                                                                                                                                                  75                               473                          30                      Rat, 7/group         Liver edema, heart injuries, mast cells activation                                                                               6

Only references that have satisfied at least 6 of 10 assigned requirements are shown.

This study has been endorsed by EU-SCSS.

This study has been rejected by EU-SCSS.

RESULTS
=======

Dietary exposure to TiO~2~ and associated risks according to scientific community
---------------------------------------------------------------------------------

As a recent review article has already discussed the uptake of TiO~2~ particles via the oral route, including absorption, barriers, and passage through barriers (Fröhlich et al. [@b21]), this article will not focus on details of these issues. We will only focus on the size limit of particles that can be absorbed by intestinal cells. A comprehensive review of current toxicological data of TiO~2~ can be found in Shi et al. ([@b64]) and Iavicoli et al. ([@b29]).

Penetration of food grade TiO~2~ (E171) into enterocytes of rats has been experimentally confirmed in vivo in the past (Onishchenko et al. [@b54]). Briefly, TiO~2~ particles in the intestines are typically found in the anatase crystal form with spherical particle diameter size 100 to 200 nm (Powell et al. [@b56]). E171 is claimed by manufacturers (if the information is provided at all) to have a primary particle size around 200 nm (Lomer et al. [@b46]); therefore, no approval for nanomaterial additive is needed. However, the actual average particle diameter of E171 in food products is 110 nm, with at least 36% of particles less than 100 nm and a particle diameter range of 30 to 400 nm (Weir et al. [@b75]). Five different powder or paste samples of E171 around the world were analyzed for primary particle and hydrodynamic diameter. Results showed that the average primary particle diameter was between 106 nm and 132 nm with at least 17% to 35% particles being less than 100 nm in diameter, whereas average hydrodynamic diameter was 127 nm to 504 nm (Yang et al. [@b78]). Quantitative evaluation of foods containing TiO~2~ is difficult. Manufacturers do not need to include it on food labels, as there are exceptions to the legislation stating that food additives must be identified. For example, labeling is not required when additives perform no additive function in or make up less than 25% of the final product (Lomer et al. [@b46]). In addition, some ready-to-eat products are exempt from labeling (e.g., in-flight packaged meals or individual catering packs such as coffee creamers). Also, because TiO~2~ does not have any nutritional value, it is in some cases considered a manufacturing aid rather than a food ingredient, making it exempt from labeling.

Before the 21st century, the general belief among food scientists and toxicologists was that food particles with diameters greater than 50 nm would have limited absorption by the mammalian gastrointestinal tract (GIT). This claim was based on the reasoning that insoluble particles encounter a mesh-like mucous barrier secreted by goblet cells and that the diffusion rate is therefore insignificant. However, it has since been discovered that pores within the mucus layer are much larger, suggesting that particles with a diameter of up to 500 nm can pass through (Lai et al. [@b41]). Experiments with perfused intestines of vertebrates demonstrated TiO~2~ uptake across the intestine both for nano-TiO~2~ and its bulk counterpart, with an average particle aggregate diameter of up to 1124 ± 331 nm (Al-Jubory and Handy [@b1]). Once the nano- or micro-TiO~2~ diffuse through mucus pores, they are able to enter hepatic circulation via intestinal cell transcytosis (Koeneman et al. [@b40]). The uptake of particles by the GIT increases as the size of the particle decreases. After oral administration of equal doses, the GITs of laboratory rats were able to absorb 34% of particles with 50 nm diameter, 26% of particles with 100 nm diameter, and 10% of particles with 500 nm diameter; absorption of particles with 1 µm diameter was marginal (Jani et al. [@b32], [@b33]). It was experimentally determined that the particle diameter of E171 in food products is within a 30 to 400 nm range (Weir et al. [@b75]); thus, a significant number of TiO~2~ particles in E171 are likely absorbed by the intestinal cells of humans.

### Review of oral exposures to TiO~2~ and toxic effects in the current literature

An absorption study (Böckmann et al. [@b3]) determined that humans orally ingesting TiO~2~ in capsules containing 23 or 46 mg showed a 5 to 10 times increase of TiO~2~ levels in the blood. TiO~2~ was absorbed by the GIT in a size-dependent manner, where small particles were absorbed at a better rate than larger ones.

Oral administration of TiO~2~ in laboratory mice (5g kg^−1^ body-weight; 25, 80, and 150 nm primary particle size) has been reported to cause accumulation of particles in liver, spleen, kidney, and lung tissue, with histopathological changes in the liver and kidney, myocardial damage, and changes in serum biochemical parameters (Wang et al. [@b73]). However, as noted above, this study was rejected by EU-SCSS based on validity grounds (EC [@b15]). In a similar study, 5 nm (primary particle size) TiO~2~ anatase was intragastrically administered to mice at 60 to 250 mg kg^−1^ body weight every second day for 30 days (Duan et al. [@b11]). At the concentration of 125 mg kg^−1^ body weight, TiO~2~ caused reduction in body weight; increase in the hepatosomatic coefficient; histopathological changes in the liver; decreases in white blood cells, thrombocytes, red blood cells, hemoglobin, reticulocytes, lymphocytes, and interleukin-2 activity; and increases in NO levels, platelets, and hematocrit. Furthermore, levels of numerous liver enzymes and cholesterol levels were disrupted by the treatment, suggesting that the liver function damage was likely caused by damage to the hemostatic and immune systems (Duan et al. [@b11]). On the contrary, a 91 day chronic study (Cho et al. [@b8]) of daily oral administration of 260 to 1041 mg kg^−1^ body weight TiO~2~ (average primary particle diameter 30 nm, average hydrodynamic diameter 38 nm) to rats did not detect accumulation in sampled organs or urine, but a high concentration was detected in feces, suggesting that TiO~2~ was eliminated from the body. There are several reasons that may explain why this study did not detect accumulation or toxic effects of TiO~2~. First, this study used a mixture of TiO~2~ anatase and rutile, whereas the other studies used pure anatase. Second, the particle size in this study was very small compared to other studies. Third, the age of the experimental animals may play a crucial role in the significance of observed effects. Oral administration at 10 to 200 mg kg^−1^ body weight of anatase TiO~2~ (average primary particle diameter 75 nm, average hydrodynamic diameter 473 nm) for 30 consecutive days to rats of different ages provided significantly different results (Wang et al. [@b74]). Severe liver edema, heart injuries, and nonallergic mast cell activation in stomach tissue was found in 3-week-old rats, whereas 8-week-old rats exhibited only slight toxic effects. Young rats treated with TiO~2~ displayed elevated levels of blood glucose, Low-density lipoprotein cholesterol, ALT/AST ratio, and total bilirubin compared to the control group and to the tested adult rats. On the contrary, levels of α-hydroxybutyrate dehydrogenase and creatine kinase were significantly reduced.

Liver damage and hepatocyte apoptosis linked to TiO~2~ exposure has also been documented. Exposure of mice via intragastric administration to TiO~2~ at 5 to 50 mg kg^−1^ body weight every 2nd day (primary particle diameter 7 nm) caused hepatocyte apoptosis and an increase in reactive oxygen species accumulation in the liver, followed by a decrease in the expression of several key genes involved in detoxification and stress response (Cui et al. [@b9]). In a separate, similar study conducted by the same researchers, the molecular mechanism of TiO~2~ toxicity to the liver was deciphered. The results showed that TiO~2~ accumulated in the liver and caused histopathology changes. Furthermore, it was demonstrated that TiO~2~ actually induced the hepatitis molecular signaling pathway in the mouse liver by activating TLRs → NIK → IkB kinase → NF-kB → TNF-α → inflammation → apoptosis → liver injury (Cui et al. [@b10]).

In an acute and chronic study (15--90 days of exposure), mice were daily exposed perorally to anatase TiO~2~ (average primary particle size 5 nm, average hydrodynamic diameter 294 nm) at 10 mg kg^−1^ (Sang, Li, et al. [@b62]). The study clearly showed that TiO~2~ was deposited in the spleen, where it produced reactive oxygen species and caused time dependent splenic inflammation and necrosis. TiO~2~ also elevated the expression of several genes in the spleen: COX-2, E2, ERK, AP-1, CRE, Akt, JNK2, MAPKs, P13-K, c-Jun, and c-Fos. In the same study, exposure to TiO~2~ also caused significant reduction in weight of experimental mice compared to the control group. Oxidative stress caused by TiO~2~ has been indicated in other studies as well.

In a 30 day study (Wang et al. [@b72]), mice were exposed to intragastric administration of 5 to 150 mg kg^−1^ body weight of anatase TiO~2~ (primary particle size 7.5 nm). Besides congestion and lymph node proliferation in the spleen, TiO~2~ caused a significant increase in mouse spleen reactive oxygen species accumulation. Further analysis revealed that the mode of action of TiO~2~ for exerting oxidative stress is via the p38-Nrf-2 signaling pathway (Wang et al. [@b72]).

In a similar chronic study, mice were exposed via intragastric administration for 90 days to 2.5--10 mg kg^−1^ body weight of anatase TiO~2~ (average primary particle size 5 nm, average hydrodynamic diameter 294 nm) (Sang et al. [@b63]). It was determined that TiO~2~ caused significant histopathological changes in the spleen and induced splenocyte apoptosis. The TiO~2~-treated mice\'s immunoglobulin levels, hemoglobin levels, and numbers of platelets and lymphocytes were significantly reduced compared to control. Furthermore, mice treated with TiO~2~ exhibited increased expression of genes for NF-kB, TNF-α, macrophage migration inhibitory factor, and interleukins: 2, 4, 6, 8, 10, 18, and 1β, whereas expression of Bcl2 and HSP70 was reduced. The final conclusion of the article was that chronic oral exposure to TiO~2~ leads to spleen injury and reduction in immune capacity.

Further investigation linking TiO~2~ and immune "injury" of the spleen was performed with oral gavage of TiO~2~ in mice for 90 consecutive days (Sang, Fei, et al. [@b61]). The concentration administered was 2.5--10 mg kg^−1^ body weight of anatase TiO~2~ with an average particle hydrodynamic diameter of 294 nm. The conclusion of the study was that exposure to TiO~2~ caused significant increases in spleen and thymus indices, accumulation of TiO~2~ in the spleen and thymus, splenocyte apoptosis with histopathology changes, and increased levels of numerous inflammatory proteins. Another acute study (Tassinari et al. [@b67]) investigated the combined effects of TiO~2~ on the spleen, reproductive system, and endocrine system. Rats were exposed to anatase at 1 to 2 mg kg^−1^ body weight daily by oral gavage (average primary particle diameter 25 nm, average hydrodynamic diameter 284 nm) for 5 days. Accumulation of Ti in the spleen tissue and ovaries was documented. In addition, alteration of the thyroid function was observed in male rats, whereas testosterone levels increased in males and decreased in females. The final conclusion was that after exposure to oral dose levels relevant to human exposure, the target tissues for TiO~2~ toxicity are active endocrine tissues.

An acute oral study (160--1000 mg kg^−1^ body weight per day) in rats investigated the sublethal effects of TiO~2~ on metabonomic signature in animals (Qian et al. [@b58]). Results showed that TiO~2~ administration caused increases in levels of taurine, citrate, hippurate, histidine, Trimethylamine N-oxide, citrulline, α-ketoglutarate, and phenylacetylglycine in the urine of rats. Moreover, decreases in the levels of lactate, betaine, methionine, threonine, pyruvate, 3-D-HB, choline, and leucine were noted. Rats treated with TiO~2~ exhibited an increase in TMAO, choline, creatine, phosphocholine, and 3-D-HB and a decrease in glutamine, glutamate, pyruvate, acetoacetate, glutathione, and methionine. Additionally, mitochondrial swelling in the heart tissue was observed, and creatine kinase, AST, and lactate dehydrogenase levels were elevated. The final conclusion of the authors was that oral uptake of TiO~2~ leads to energy and amino acid metabolism disturbance.

In another chronic study, mice were orally exposed to anatase TiO~2~ (average hydrodynamic particle diameter 294 nm) at 2.5 to 10 mg kg^-−1^ body weight daily and screened for nephrotoxicity (Gui et al. [@b24]). Exposure to TiO~2~ resulted in a significant reduction of renal glomeruli (by number), apoptosis, necrosis and disorganization of renal tubules, infiltration of inflammatory cells, significant reduction in body weight, and unbalanced element distribution in the kidneys. Microarray analysis verified upregulation of 1246 genes, mostly associated with immune and inflammatory responses, apoptosis, oxidative stress, and metabolic and cell-cycle processes. The occurrence of severe oxidative stress was also experimentally confirmed.

Oral administration of anatase TiO~2~ (100 mg kg^−1^ body weight, particle diameter size of 66 and 260 nm) to mice for 10 days by gavage caused increased levels of T CD4^+^ cells in the duodenum, jejunum, and ileum compared to control and caused hypertrophy and hyperplasia of the mucosal epithelium of the small intestine (Nogueira et al. [@b51]). The same treatment caused an increase in levels of inflammatory cytokines in the intestines (IL-12, IL-14, IL-23, TNF-α, IFN-γ, and TGF-β), indicating that after oral consumption, TiO~2~ caused a Th-1 mediated inflammatory response in the small intestine. Rutile TiO~2~ oral gavage for 10 days at 12.5 mg kg^−1^ rat body weight (primary particle size 475 nm) also caused accumulation in the intestines and translocation to other organs, such as the liver and spleen (Jani et al. [@b34]). Although TiO~2~ accumulates in the intestinal cells, it has been shown that TiO~2~ in vitro is relatively safe for gastrointestinal cells and does not induce cytotoxicity (Chen et al. [@b7]). On the other hand, accumulation of inorganic particles (which may or may not include TiO~2~) in intestinal cells may potentially lead to the pathogenesis of inflammatory bowel disease in humans (Powell et al. [@b57], [@b56]; Lomer et al. [@b47], [@b45]). One particular study showed that all investigated colons of diseased patients (suffering from colon cancer or Crohn\'s disease) contained significant amounts of nano and micro particles versus healthy cadavers (Gatti [@b23]). The reduction of nano and microparticles in the diet of the patients suffering from Crohn\'s disease improved their conditions, with 7 out of 9 treated patients showing signs of remission (Lomer et al. [@b44]). However, in addition to the absence of nano and microparticles from the diet, reduction of meat-based products might have contributed to the remission (Lomer et al. [@b43]).

Very few oral studies have focused on the brain as the target organ with regard to TiO~2~ toxicity. In the only available study, ICR mice were exposed every second day to anatase TiO~2~ (5--50 mg kg^−1^ body weight, primary particle size 5 nm) via intragastric administration, and spatial recognition memory was analyzed (Hu et al. [@b26]). Results of the Y-maze test indicated that TiO~2~ exposure significantly impaired spatial recognition behavior. Furthermore, levels of Ca, Mg, Fe, K, Na, and Zn were significantly altered in the brain tissue. Activities of several ATP-ases and the contents of some neurotransmitters decreased, whereas levels of acetylcholine, glutamate, and nitric oxide increased (Hu et al. [@b26]). Significant accumulation of Ti in the brain after exposure to TiO~2~ was also noted, causing abnormal pathology of the brain that manifested as calcification of neurocytes, followed by proliferation of ependyma and spongiocyte. Excessive release of nitric oxide, reduction of glutamic acid content, and downregulation of acetylcholinesterase in brain tissue was also confirmed after TiO~2~ intraperitoneal injections in mice (Ma et al. [@b48]). Similar effects on the brain were also observed in fish models (Ramsden et al. [@b59]). After 8 weeks of ingesting 10 to 100 mg kg^−1^ of TiO~2~, rainbow trout brains displayed a 50% inhibition in Na^+^K^+^-ATPase activity.

### Injection route studies

Although oral exposure is more relevant when assessing the risk of food contaminants, ADME are quite often carried out with injection routes as the biomedical mode of exposure. Because insufficient ADME studies are available implementing oral exposure of TiO~2~, relevant studies using injection delivery are summarized below. Injection studies were also used in JECFA\'s ([@b35]) assessment.

One early autopsy case study determined that 2 drug addicts, who had been injecting themselves intravenously with crushed Algafan tablets for 7 to 10 years (active ingredient: propoxyphene hydrochloride; inactive ingredient: TiO~2,~ 0.9% weight of the tablet), developed thick, hard nodules of approximately 0.5 cm in diameter in the lungs, liver, and spleen. On further inspection, it was concluded that the nodules were composed of TiO~2~ and magnesium silicate (Filho et al. [@b19]).

Intravenous administration of 56 mg kg^−1^ body weight of 120 nm TiO~2~ particles caused accumulation in the liver, lung, and spleen with limited clearance after 26 weeks in mice (Umbreit et al. [@b68]). Other studies, after various injection routes of anatase TiO~2~ (16 g kg^−1^ of particles with approximately 1000 nm diameter) on rats, also confirmed that the primary deposition organs were liver and lungs and that TiO~2~ was disseminated with ease through the blood stream (Olmedo et al. [@b52], [@b53]). Repeated daily IP injections of anatase TiO~2~ (14 days, primary particle size 5 nm, 5--150 mg kg^−1^ body weight) outlined TiO~2~ accumulation in various organs: in decreasing order, liver, kidney, spleen, lung, brain, and heart (Liu et al. [@b42]). Intraperitoneal injection of anatase TiO~2~ (324--2592 mg kg^−1^ body weight, particle size 100 nm) caused the highest accumulation in the spleen, followed by the liver, kidney, and lung (Chen et al. [@b6]). In addition, the same study found that TiO~2~ caused loss of appetite, passive behavior, tremor, and lethargy in experimental animals.

A smaller particle diameter of TiO~2~ (\<100 nm, generally 20--30 nm) injected into rats with much lower doses of 5 mg kg^−1^ displayed the same pattern of accumulation in the liver, lung, spleen, and kidney (Fabian et al. [@b17]) as the previous studies with higher doses and larger particle diameters. With a dose of 5 mg kg^−1^, Fabian et al. ([@b17]) did not detect apparent toxic effects; however, the exposure time was relatively short---28 days. During those 28 days, a limited clearance of TiO~2~ was observed in the spleen, but there was no clearance whatsoever of the TiO~2~ stored in the liver. In another study, intravenous (IV) injection of TiO~2~ in mice (1.8 µg per animal, particle size diameter of 15 nm) indicated the liver as the primary storage organ, with a significant increase in TiO~2~ content as early as 5 min post injection and a limited clearance rate of 30% 1 month after treatment (Sugibayashi et al. [@b66]). Similarly, IV injection of 0.95 mg kg^−1^ of nano-TiO~2~ (average particle diameter 60 nm) in rats resulted in immediate (6 h postinjection time) accumulation of TiO~2~ in the liver and spleen without any signs of clearance (by urine or feces) until the end of a 30 day experimental trial (Shinohara et al. [@b65]). A rare, long-term study found that 1 year after a single IV administration of 200 mg kg^−1^ rat body weight of TiO~2~ (200--400 nm particle diameter), a significant concentration was still stored in various tissues (predominantly liver, spleen, and lymph nodes), without any apparent clearance since day 1 of the exposure (Huggins and Froehlich [@b27]). The same study also reported that TiO~2~ can be deposited in the liver as early as 5 min after initial administration. In a 14 day acute study (Xu et al. [@b77]), mice were IV injected with 140 to 1387 mg kg^−1^ body weight with TiO~2~ (anatase, primary particle size 40 nm). After 2 days of exposure, 75% of the animals in the highest concentration exposure group (1387 mg kg^−1^ body weight) died. Animals exposed to lower concentrations of TiO~2~ survived, but a decrease in food and water intake was noted. Swelling of the renal glomerulus was observed in the mice treated with TiO~2~, and TiO~2~ also caused increased proliferation of local macrophages in the spleen. The brain and lungs were affected, as well, with brain tissue showing neuronal degeneration and infiltration of inflammatory cells alongside small lesions.

The pharmacokinetics of TiO~2~ have also been investigated recently (Xie et al. [@b76]). Rutile TiO~2~ was labeled with CF680 and ^125^I and injected into mice or rats at 1 to 10 mg kg^−1^ body weight (average particle diameter 352 nm). Tissue distribution and excretion were investigated over 30 days. Results indicated that the TiO~2~ mainly accumulated in the liver and spleen. Excretion of TiO~2~ was significantly higher in urine compared to feces, indicating that renal excretion is the main pathway for TiO~2~ (Xie et al. [@b76]). This finding, however, is contrary to the similar oral study, which indicated that the primary elimination route of TiO~2~ was through feces (Cho et al. [@b8]).

DISCUSSION
==========

Based on findings from various studies on mammals, it appears that TiO~2~ fails to satisfy the 2 conditions on which the JECFA ([@b35]) assessment was based: lack of absorption and lack of accumulation in body tissue. Based on the literature, TiO~2~ has clear potential for absorption by mammals after ingestion or injection, as well as for storage in various organs (Huggins and Froehlich [@b27]; Filho et al. [@b19]; Jani et al. [@b34]; Böckmann et al. [@b3]; Olmedo et al. [@b52], [@b53]; Wang et al. [@b73]; Fabian et al. [@b17]; Sugibayashi et al. [@b66]; Liu et al. [@b42]; Duan et al. [@b11]; Hu et al. [@b26]; Cui et al. [@b10]; Xie et al. [@b76]; Nogueira et al. [@b51]; Umbreit et al. [@b68]; Sang, Fei, et al. [@b61]; Sang, Li, et al. [@b62]; Shinohara et al. [@b65]; Tassinari et al. [@b67]), where it can cause tissue damage and alter biochemical parameters. These properties, however, are most likely dependent on the concentration and size of TiO~2~ particles. In addition to mammals, the potential of TiO~2~ to bioconcentrate, bioaccumalate, and biomagnify in the bodies of nonmammalian animals such as fish is also present (Zhang et al. [@b79]; Ramsden et al. [@b59]; Fouqueray et al. [@b20]). Contaminated fish may provide an additional transfer of TiO~2~ to other, top food chain consumers, including humans. In addition, there is a valid scientific opinion that accumulation of inorganic particles (including TiO~2~ particles) in intestinal cells may lead to the pathogenesis of inflammatory bowel disease in humans (Lomer et al. [@b46], [@b44], [@b47], [@b45], [@b43]; Powell et al. [@b57], [@b56]). TiO~2~ has also been indicated as an immunotoxin in vertebrates (Duan et al. [@b11]; Jovanović and Palić [@b37]; Sang et al. [@b63]; Sang, Fei, et al. [@b61]). Given these facts, the recommendation of this article is that a toxicological evaluation of TiO~2~ safety as a food color or additive needs to be reassessed without delay. The assessment performed by JECFA in 1969 may no longer be sufficient, as in the meantime, the scientific community has generated compelling evidence about potential TiO~2~ toxicity.

Currently, the official regulatory definition of nanoparticles is given by the European Commission. Any natural, incidental, or manufactured particles in an unbound state, aggregate, or agglomerate are considered nanoparticles if they satisfy at least one of the following 3 criteria (EC [@b14]):

1.  Fifty percent or more of the total number of particles in a given material are in the size range 1--100 nm, in at least 1 dimension.

2.  Specific surface area by volume of the given material is greater than 60 m^2^ cm^−3^.

3.  Fullerenes, graphene flakes, and C nanotubes at least 1 external dimension smaller than 1 nm are also considered as nanomaterials.

Some authors believe that the upper regulatory limit of 100 nm was set based on public scientific opinion that particles with a diameter smaller than 100 nm can be endocytosed, are easily spread through the body, and pose higher toxicological risks (Keck and Müller [@b39]). The European Commission further states that the 100 nm upper limit was used as a general consensus but cautions that no scientific evidence supported the choice (EC [@b14]). The Science and Technology Committee of the House of Lords of the UK has openly opposed the European Commission definition, stating that it should not be limited to this arbitrary dimension (House of Lords [@b25]). Other independent scientists have argued that the bar has been set too low and that the threshold should be raised to 200 nm due to the specific properties of particles as food supplements (Chen et al. [@b7]).

Similarly, colloids are defined as particles having 1 dimension in the range 1 nm to 1000 nm; thus, smaller colloidal particles can also be considered nanoparticles (Walker et al. [@b71]). Many proteins, such as casein in milk (50--300 nm) or whey proteins (5--100 nm), recrystallized starch (10--20 nm), and triglycerides (10--100 nm), are also in the nano range. Because specific nano casein, nano starch, and nano fibers may already be produced purposely, under the current European Commission definition, this food should be labeled as including nanoparticles. Furthermore, the DNA molecule has a width of 2.4 nm, so any genetically modified food which contains altered DNA structures (even inclusion of the single base) in the final product should carry the label, "This product contains engineered nanoparticles," which is absurd.

The author of this article disagrees with the upper limit of 100 nm in the current official definition of nanomaterials (especially TiO~2~) for 2 reasons. During the last several years, it was discovered that the size limit for nanoparticle uptake by gastrointestinal cells is not 100 nm. Particles with a diameter of up to 500 nm can diffuse through mucus pores (Lai et al. [@b41]), whereas the passage rate of 1 µm is marginal. Second, simply mathematically speaking, a metric unit conversion system (base, milli, micro, nano) is defined by a 1000-times conversion factor; thus, everything less than 1 µm and greater than 1 nm is by default nano. There is no solid justification for nanoparticles to be defined outside the established metric system convention. Therefore, in the interest of public health, the upper nanoparticle limit should correspond to established metric nomenclature in the official definition. Nanoparticles should be defined as any natural, incidental, or manufactured particles in an unbound state, aggregate, or agglomerate where 50% or more of the total number of particles in a given material are in the size range 1 to 1000 nm, across all 3 dimensions. This definition, however, still does not address all concerns, such as how to exclude modified food proteins from the definition.

Revising the size definition of nanoparticles will impact the safety reevaluation of TiO~2~ as a food ingredient. The actual average particle diameter of TiO~2~ E171 particle in food is 110 nm, with at least 36% of particles having a diameter less than 100 nm and with a particle diameter range 30 to 400 nm (Weir et al. [@b75]). Such a formulation still does not officially qualify for nanotechnology-labeled food under the current official definition. Manufacturers will continue to color food with E171 as long as the E171 is registered as an inactive ingredient (JECFA [@b35]), rather than as a nanomaterial. If, however, E171 gains the status of nanomaterial, it will automatically trigger a safety reevaluation of its use in food products.

In conclusion, there is overwhelming evidence that TiO~2~ can pass through and be absorbed by the mammalian gastrointestinal tract. TiO~2~ can bioconcentrate, bioaccumulate, and biomagnify in the tissues of mammals and other vertebrates. Unfortunately, most scientific studies have used doses far beyond daily estimated human consumption without performing all recommended particle characterizations. Results suggest that the spleen, liver, and kidney are the organs at risk for highest TiO~2~ bioconcentration. TiO~2~ can cause histopathological and physiological changes in various organs of animals, depending on the dose. Based on the literature, it appears that the spleen and liver are the major target organs of TiO~2~ toxicity after oral ingestion. In mammals, TiO~2~ has a limited elimination rate. All of these facts are contrary to the 1969 JECFA approval of TiO~2~ as an inactive ingredient in human food, which rendered the establishment of an acceptable daily intake for humans unnecessary after citing that neither significant absorption nor tissue storage following ingestion of TiO~2~ was possible. Some 45 years since the legislation occurred, the majority of results from both independent scientists and research laboratories point toward a different scenario. Therefore, a reassessment on the safety of TiO~2~ as an additive in human food should be immediately performed by relevant government agencies.
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